Genome shuffling is widely used for increasing the production of metabolites by bacterial strains, improving substrate uptake as well as enhancing strain tolerance. This technique combines the advantage of multiparental crossing allowed by DNA shuffling together with the recombination of entire genomes normally associated with conventional breeding, or through protoplast fusion that increases the recombination process. The method of genome shuffling was first presented by Stemmer and co-workers in 2002 when it was used to improve the production of tylosin by Streptomyces fradiae. Nowadays, it is used in many experiments for increasing the production of metabolites by bacterial strains, improving substrate uptake, and enhancing strain tolerance. Genome shuffling is a major milestone in the strain-improvement technology and metabolic engineering.
Introduction
An important objective of a biotechnological research is the engineering of microbial cells for the production of industrially valuable metabolites. The main objective of research into effective technologies is to improve bacteria strains that are able to produce metabolites, and which will find application in industries such as chemical, food, oenology, pharmaceutical, and biofuel (Gong et al., 2009) . To achieve that, a classical strain improvement method is usually employed. This technique is an asexual process ased on sequential random mutagenesis and screening. A promising microorganism is mutagenized to produce a diverse library of random mutants. Screening enables selecting individual strains with an improved relevant phenotype. However, this method seems to be a laborious and time-consuming process, which is its main disadvantage (del Cardayré, 2005; Gong et al., 2009) , and genome shuffling seems to be a better way of improving industrially important strains. This technique combines the advantage of multiparental crossing, possible through DNA shuffling, along with the recombination of entire genomes which is normally associated with conventional breeding or through a protoplast fusion that, increases recombination (Zhang et al., 2002; del Cardayré, 2005; Cheng et al., 2009 ). Moreover, genome shuffling can accelerate directed evolution by facilitating recombination between the members of a diversely selected population (Zhang et al., 2002; Cheng et al., 2009) . Genome shuffling is similar to the classical strain improvement in that it is a cycle of genomic diversification and screening for improved strains. The main difference between these two techniques is that genome shuffling process is sexual and whole populations of improved strains are evolved, as opposed to the classical strains improvement (del Cardayré and Powell, 2003) . What is more, the technique of genome shuffling is not limited to the microbe which has a clear genetic background (Gong et al., 2009 ). Currently, genome shuffling is one of the most efficient methods for the evolution of strains toward desirable phenotypes. Different genes which are associated with the production of metabolites can be recombined during several rounds of genome shuffling and consequently desirable phenotypes can be obtained (Jin et al., 2009) .
The method of genome shuffling was first presented by the Stemmer and co-workers in 2002, when the whole-genome shuffling was described. It was demonstrated that genomic recombinations within a population of bac-teria can efficiently generate combinatorial libraries of new strains. Many of those new strains show marked improvements in the selected phenotype. Genome shuffling has been used to improve the production of polyketide antibiotic (tylosin) by Streptomyces fradiae (Zhang et al., 2002) . After only two rounds of genome shuffling, strains were obtained with production levels comparable to those of strains which had been developed over two decades of via 20 rounds of classical strains improvement methods (Lutz and Bornscheuer, 2009) . Genome shuffling was regarded as a major milestone in the strain-improvement technology and metabolic engineering (Stephanopoulos, 2002) . Nowadays, the technique of genome shuffling is used to significantly improve the quality of industrially important microbiological phenotypes (Gong et al., 2009 ). It was successfully used, inter alia, for improving the acid tolerance in Lactobacillus (Patnaik et al., 2002; Wang et al. 2007) , enhancing the resistance of Spingobium chlorophenolicum to the toxicity of pentachlorophenol (Dai and Copley, 2004) , increasing resistance to (2S, 3R)-hydroxycitric acid in Streptomyces sp. (Hida et al., 2007) , and increasing the efficiency of the 1.3-propanediol production (Otte et al., 2009) .
Genome shuffling is a more convenient method when compared to other molecular breeding techniques and can be easily popularized. The application of this method does not require expensive facilities. The cost of genome shuffling is not high, either. Importantly, this technique is easy to handle and can be used in most laboratories (Gong et al., 2009 ).
Basic of genome shuffling
Protoplast fusion is a method which leads to genome shuffling. It has been used to modify the phenotypic traits of a variety of prokaryotic and eukaryotic cells since the late 1970s (Hopwood et al., 1977; Scheinbach, 1983; Iwata et al., 1986; Petri and Schmidt-Dannert, 2004; Gong et al., 2009) . Protoplast fusion was successfully achieved first in animals, and later in plants (Rai and Rai, 2006) . Protoplast from different species, and even from different kingdoms, can be successfully fused. This indicates a very broad applicability of this technique in cell engineering (Verma et al., 1992; Rassoulzadegan et al., 1982; Petri and Schmidt-Dannert, 2004 ). In contrast to other established genetic manipulation techniques, a high frequency of recombination can be achieved by fusing complete protoplast genomes (Hopwood and Wright, 1979; Petri and Schmidt-Dannert, 2004; Gong et al,. 2009 ). Thus, although many advanced technologies based on genetic manipulation have been developed over the years, protoplast fusion continues to be widely applied for phenotypic improvement (Gong et al., 2009) .
Despite the fact that genome shuffling originated from protoplast fusion, it is a different method when compared to the same. Traditional protoplast fusion is the fusion between two cells with different genetic traits. It leads to a stable recombinant with the combination of the genetic traits of both parents. In this process, the recombination results from only two parents per generation. Genome shuffling, on the contrary, is the recombination between multiple parents of each generation, and several rounds of genome fusion are carried out. As a result, the final improved strains involve the genetic trait from multiple initial strains. Genome shuffling is quite cost effective; its application does not require any expensive facility and can be easily employed in most laboratories (Gong et al., 2009 ). Most importantly, shuffled strains are not considered as genetically modified organisms and can therefore be used in the food industry (Zhang et al., 2002; Ahmed, 2003; Petri and SchmidtDannert, 2004) .
Strategies for genome shuffling
The procedure of genome shuffling consists of two main steps: construction of the parental library protoplast fusion, and the selection of the desired phenotype. The general scheme of genome shuffling is presented in Figure 1 . First of all, the parent strain library must be constructed. To achieve that, the initial strain is engineered to generate more genotypes. The desirable strains are then collected to form the parental library for protoplast fusion. Three different mutagens are mainly used for mutagenesis. They are: ethyl methanesulfonate, N-methyl-NNN-nitro-N-nitrosoguanidine, and ultraviolet radiation Cheng et al., 2009; Gong et al., 2009; Jin et al., 2009; Otte et al., 2009 ). An important feature of the process is that if the selection of the parental strain is not suitable, the desired phenotype will not be obtained (Hida et al., 2007; Gong et al., 2009) . The next step of genome shuffling is protoplast fusion. The cells are re-suspended in a buffer containing (John et al., 2008; Otte et al., 2009) or other enzymes such as snailase (Cheng et al., 2009) , and following that protoplasts are obtained and aggregated by centrifugation (Otte et al., 2009) . Then, an equal numbers of protoplasts from the mutants are mixed, divided equally into two parts, and inactivated. One part is incubated at a high temperature (50EC or 60EC) (Hopwood and Wright, 1979; Wang et al., 2007; Cheng et al., 2009; Otte et al., 2009) , and the other part is irradiated by UV. The killed protoplasts are grouped together and fused in a system containing 35% PEG6000 and 0.1% CaCl 2 at 35EC for 40 min. Next, the fused protoplasts are centrifuged, washed twice, re-suspended in 10 ml buffer, serially diluted and regenerated on the regeneration medium supplemented with, among others, glucose, bovine serum albumin, casein hydrolysate MgCl 2 , CaCl 2 , and gelatin for six days at 30EC. (John et al., 2008; Otte et al., 2009) . Strains from the regenerated protoplasts are pooled, resulting in the strain library for the second round fusion. These strains grow as a population and are used for preparing protoplasts which are similarly fused and regenerated. This process may be repeated several times. Protoplast fusion with multiparental strains enables efficient shuffling of a phenotypically selected population for the purpose of strain evolution (Petri and Schmidt-Dannert, 2004; Gong et al., 2009 ). The final step of genome shuffling is the selection of desired phenotypes. The desired phenotypes are obtained from the populations resulting from protoplast fusion through the screening process. The classical method for screening yield improved strain is determined by physiological or biochemical characters such as hydrolysis zone, clear zones (John et al., 2008) , inhibition zone in the agar plates. However, some novel methods for the isolation of the desired strains have been described. For example, in the work of Hida et al. (2007) , an addition of analogs of products was used as an efficient method for isolating high product strains. An analog of hydroxycitric acid (trans-epoxy aconitic acid) was utilized to screen the desirable bacteria metabolite -hydroxycitric acid. Trans-epoxy aconitic acid inhibited the regeneration of non-fused protoplasts, resulting in selective screening of shuffled strains (Gong et al., 2009 ).
Application of genome shuffling
Genome shuffling is applied in order to increase the production of metabolites by bacterial strains (Zhang et al., 2002; Chen et al., 2004; Bode and Muller, 2006; Zirkle et al., 2007; Liang and Guo, 2007; Lin et al., 2007; Otte et al., 2009; Zhang et al., 2010) , with the aim to improve substrate uptake (Dai and Copley, 2004; Kumar 2007; John et al., 2008) , and enhance strain tolerance (Patnik et al., 2002; Kawahata et al., 2006; Graves et al., 2007; Yu et al., 2007; Wei et al., 2008; Xu et al., 2008; John et al., 2008; Gong et al., 2009; Shi et al., 2009 ).
An improvement of substrate uptake
In this category of genome shuffling the application of a number of experiments is described, such as, the first application of this technique -rapid improvement of Streptomyces fradiae which produces tylosin (Zhang et al., 2002; Xu et al., 2011) . A desirable effect was obtained after two rounds of genome shuffling. This effect was comparable with the results obtained after twenty years of research on mutation and screening (Gong et al., 2009) . Two years later, in 2011, a riboflavin-producing strain of Bacillus subtilis was successfully improved by genome shuffling. Also in that case merely two rounds of genome shuffling were optimal. As a result, bacteria strains were obtained which produce about 100% more riboflavin when compared with the original strain (Chen et al., 2004) . Xu et al. (2006) used genome shuffling to improve Actinoplanes teichomyceticus strain that produced teicoplanin. In one year, the potency of the improved strain increased to up to 65.3%. In 2007, the genome shuffling was used successfully in eukaryotic microorganisms. It was used for improving the lipase production of Penicillium expansum. Two strains, a lipase-producing mutant strain -Penicillium expansum FS8486 and a wild type Aspergillus tamarii FS-132 isolated from the soil of a volcano in Xinjiang in China, were used as parental strains. After two rounds of genome shuffling, daughter strains with desirable features were screened. Lipase activity in one of the daughter strains was increased by 317% over the starting strain FS8486 (Lin et al., 2007) . In the same year, Gong et al. (2007) mutated the epothilone that produced myxobacterium Saccharomyces cellulosum strain So0157-2 to improve the production of epothilones, highly promising prospective anticancer agents. The epothilone production of fusants increased about 130 times after two rounds of genome shuffling as compared to the starting strain. Further research during the same year focused on genome shuffling of Streptomyces sp. strains which are capable of hydroxycitric acid production. Hydroxycitric acid inhibits pancreatic α-amylase and intestine α-glucosidase, leading to the reduction of carbohydrate metabolism. The initial Streptomyces population was generated by N-methyl-NNNnitro-N-nitrosoguanidine treatment of the spores, and an improved population producing fivefold more acid was obtained after three rounds of genome shuffling (Hida et al., 2007) . Jin et al. (2009) used the genome shuffling technique to enhance the production of spinosad (a mixture of secondary metabolites) in Saccharopolyspora spinosa. Spinosad is used in agriculture as a potent insect control agent with exceptional safety toward non-target organisms. S. spinosa starting strain was mutagenized by nitrosoguanidine and UV radiation. After four rounds of genome shuffling, a high yielding strain was isolated. The production of spinosad increased by 200% and 436% in comparison with that of the highest parent strain and the original strain, respectively. Recently, in 2009 and 2010, two experiments were carried out in which the genome shuffling technique was used to improve 1,3-propanediol and vitamin B 12 production (Otte et al., 2009; Zhang et al., 2010) . In the first experiment, in 2009, genome shuffling was applied to Clostridium diolis DSM 15410 to improve the production of 1,3-propanediol (Otte et al., 2009) which is a valuable chemical intermediate and may be poten-tially used in the facture of polymers (among others, polyesters, polyethers, polyurethanes), cosmetics, foods, lubricants, medicines, and as an intermediate for the synthesis of heterocyclic compounds Drożdżyńska et al., 2011) . Otte et al. (2009) used N-Methyl-N''-nitro-N-nitrosoguanidine for mutagenesis of Clostridium diolis. The four rounds of genome shuffling of obtained mutants with desirable phenotypes were performed. A significant improvements were observed, with one strain attaining a 1,3-propanediol volumetric yield of 85 g/l. That result represented an 80% improvement compared to the yield from the parental wild-type strain. In 2010 genome shuffling was used to improve Propionibacterium shermanii strain which is capable of vitamin B 12 production. Two mutagenesis N-Methyl-NNN-nitro-N-nitrosoguanidine and methylsulfonate were used. After 96 hours, the genomed shuffled strain from the first generation produced about 61% improvement of vitamin B 12 over the parent strain. Moreover, the genomed shuffled strain showed better growth than the parent strain (Zhang et al., 2010) . A new application of genome shuffling was presented in 2011. Xu et al. (2011) used genome shuffling to enhance cellulase production by Trichoderma viride. The initial strain mutant populations were generated by UV radiation, low-energy ion beam implantation and atmospheric pressure non-equilibrium discharge plasma. The shuffled strain, obtained after two rounds of genome shuffling, exhibited a total cellulase activity of 4.17 U/g which was 1.97-fold higher that of wild-type strain Trichoderma viride. Dai and Copley (2004) improved the degradation of pentachlorophenol by Sphingobium chlorophenolicum by the genome shuffling technique. Sphingobium chlorophenolicum can degrade pentachlorophenol. These bacteria cannot tolerate high levels of this highly toxic anthropogenic pesticide. Moreover, the degradation of pentachlorophenol is very slow. Scientists have obtained several strains that degrade pentachlorophenol faster and tolerate its higher levels than the wild-type strain. After the third round of shuffling, several strains capable of growing on the high concentration of pentachlorophenol were obtained. Additionally, some strains were capable of completely degrading 3 mM pentachlorophenol, whereas no degradation could be achieved by the wild type strain. Analysis of several improved strains suggest that the improved phenotypes lead, due to various combinations of mutations, to an enhanced growth rate, constitutive expression of the pentachlorophenol degradation genes, and enhanced resistance to the toxicity of pentachlorophenol and its metabolites. John et al. (2008) used genome shuffling for producing L-lactic acid from starchy wastes. As a parental strain Lactobacillus delbrueckii and Bacillus amyloliquefaciens were employed. After three rounds of genome shuffling a mutant strain capable of utilizing the liquefied cassava bagasse starch directly with minimum nutrient supplementation for lactic acid production was obtained. The result of this experiment, lactic acid yield of 40 g/l obtained with a productivity of 0.42 g/l/h and 96% conversion of starch to lactic acid, is comparable and even better than the reported single step conversion of starch to lactic acid.
An improvement of substrate conversion

The enhancement of strain tolerance
Genome shuffling was used for increasing acid and glucose tolerance in Lactobacillus (Gong et al., 2009 ).
The results of these experiments have been described in a number of papers published by, inter alia, Patnik et al. (2002) , Wang et al. (2007) , John et al. (2008) , and Yu et al. ( , 2008 . Lactic acid is an environment-friendly chemical with a wide range of industrial applications that are the focus of attention and concern of researchers and biotechnologists worldwide. The economic production of lactic acid can be achieved by exploiting various biotechnological techniques. Among those, there is the improvement of microorganism strains for industrially desirable characteristics such as high yield and productivity of lactic acid and the ability to grow at low pH and to utilize complex agro-industrial wastes (Rojan et al., 2010) . Patnik et al. (2002) used genome shuffling to improve the acid tolerance of a poorly characterized industrial strain of Lactobacillus. Scientists in that experiment used classical strain-improvement methods to generate populations with subtle improvements in pH tolerance, and then shuffled these populations through protoplast fusion. They identified new shuffled lactobacilli that grow at substantially lower pH than the wildtype strain does. Moreover, shuffled strains that produced three-fold more lactic acid than the wild type at pH 4.0 have also been identified. Wang et al. (2007) improved the acid tolerance and volumetric productivity of an industrial strain Lactobacillus rhamnosus ATCC 11443. They used ultraviolet irradiation and N-Methyl-NNN-nitro-N-nitrosoguanidine for mutagenesis. After that, five strains with subtle improvements in pH tolerance and volumetric productivity were obtained from the populations generated by mutagenesis. Next, they were subjected to protoplast fusion. After three rounds of genome shuffling, four strains that could grow at pH 3.6 were obtained. Scientists observed 3.1-and 2.6-fold increases in the lactic acid production and the cell growth of the best performing at pH 3.8, respectively. Yu et al. (2008) used genome shuffling to improve the glucose tolerance of Lactobacillus rhamnosus ATCC 11443, the same strain used by Wang et al. (2007) , and to with simultaneously enhance the L-lactic acid production. The starting population was also generated by ultraviolet irradiation and nitrosoguanidine. As a result of their experiment they presented the lactic acid production, cell growth, and glucose consumption of the best performing strain from the second round of genome shuffled populations 71.4%, 44.9%, and 62.2% higher than those of the wild type. The genome shuffling technique was also used for improving acetic acid tolerance in Candida krusei (Wei et al., 2008) . The better mutant was isolated and selected after four rounds of genome shuffling.
Selected strain had a higher viability in medium with acetic acid and grew better with acetic acid than the parent strain and improved multiple stress tolerance to ethanol, H 2 O 2 , heat, and freeze-thaw. Furthermore, the obtained mutant demonstrated higher ethanol production than the parent strain in a medium with or without acetic acid. The DNA content of mutant was similar to its parent strains in the genome shuffling. Shi et al. (2009) described the application of genome shuffling to improve thermotolerance in Saccharomyces cerevisiae.
After three rounds of genome shuffling the best performing strain was obtained. The improved S. cerevisiae strain could tolerate 25% (v/v) ethanol stress and produce 9.95% (w/v) ethanol. Moreover, the best strain could grow on plate culture at 55EC.
Genome shuffling has many applications in increasing the phenotypes in industrially important bacteria strains. However, this technique can also increase our knowledge of metabolic network and their regulation. Genome shuffling offers advantages of simultaneous changes at different positions throughout the entire genome.
Conclusions
Genome shuffling is a recent breakthrough in shuffling technology that combines the advantage of multiparental crossing allowed by DNA shuffling with the recombination of entire genomes normally associated with conventional breeding. It is a better technology for engineering phenotypes at the whole genome level. In many experiments, genome shuffling has been demonstrated as an effective method for producing improved bacterial strains. This modern application of protoplast fusion has resulted in about 40 research articles in this field till now. One of the reasons that this technique is often used owes to its simplicity. What is more, it does not require expensive genetic tools.
